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Abstract 
Corrugated core steel panels are an effective way to reduce weight and increase stiffness of steel structures. In numerous 
applications, these panels have shown very promising commercial possibilities. This study presents the design, manufacturing and 
commercializing process for two practical examples: Case 1) a fly wheel cover for a diesel engine and Case 2) rotationally 
symmetrical panel for an electric motor. Test materials of various kinds were used for corrugated cores and skin plates: conventional 
low-carbon steel grade EN 10130 and ferritic stainless steel grade 1.4509 with plate the thicknesses of 0.5, 0.6 and 0.75 mm. To 
manufacture different kinds of corrugated core steel panels, flexible manufacturing tools and cost-effective processes are needed. 
The most important criterion for laser welding panels was the capability of forming tools for producing high quality geometry for 
the core. Laser welding assembly showed that the quality of the core in both studied cases was good enough for welding the lap 
joints properly. Developed panels have been tested in industrial applications with excellent feedback. If thickness of a corrugated 
panel structure is not a limiting issue, these panels are good solution on application where stiffness and lighter weight are required 
as well as vibrational aspect considered.  
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Lappeenranta University of Technology (LUT). 
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1. Introduction 
Different types of sandwich structures have been used in the industry for decades. Reasons for the using of 
sandwich panels are to reducing weight of the structure increase the stiffness and durability of the construction and 
absorb energy during blasts and impacts as shown by i.e. Gibson et al. (1999), Lu et al. (2003) and Zhang et al. (2014). 
According to Marsico et al. (1993) and Kujala et al. (1997, 2005), steel sandwich panels welded by a laser can offer 
30-50 % weight savings compared with the conventional steel structures. The lightness and stiffness of the sandwich 
panels based on their three layer structure (skin-core-skin) - which on the other hand increases the wall thicknesses of 
the structure. A core takes the shear loads and creates a distance between the skins which take the in-plane tension 
and compression stresses resisting bending. The bending deflection depends on the relative tensile and compressive 
moduli of the skin materials and shear deflection on the shear modulus of the core as presented by Davies (2001) and 
Bitzer (2012). There are a wide range of different core profiles like I, O, V, Z calotte, honeycomb etc. These profiles 
could be separate ribbons or corrugated sheet. Under loads, the orientation of a core ribbons should be paid a great 
attention to take the best advantage of a sandwich structure. The maximum bending resistance is gained when ribbons 
are transverse-oriented against the main bending load as shown by Järvenpää et al. (2014).    
Typically, mechanical rolling or pressing tools are used for forming a core. A profile roller forms a core between 
two tooth-gear-like rollers (fig. 1a) and a press brake can produce one or several wavelike forms in one strike (fig. 1b). 
In fig. 1b, the upper forming tool is equipped with a spring loaded press holding the sheet in place during forming. 
Fig. 1c shows, that the lower forming tool contains several machined and grinded plates clamped together with screws. 
Quality of a core is crucial for laser welding skins to a core properly. According to Katayama (2013), an air gap 
between weldable surfaces should be less than 0.2mm in overlap joints. Thus a great number of clamps needed attached 
and detached during laser welding a panel of 1.2 meter-wide. Mainly, weld quality was proper, but occasionally only 
one seam could be welded at a time which made processing slow. If the weld defects were found, a new seam welded 
right next to the defect one. 
 
Fig. 1. The typical core forming tools. (a) the principle of forming a core between two tooth-gear-like rollers; (b) the principle of forming a core 
in a press brake wave-by-wave with longitudinal laminated tools; (c) one of the three sections of the longitudinal laminated lower forming tool 
made from several machined and grinded plates clamped together with screws. Figures by Lämsä et al. (2014). 
This paper reviews two laser welded, corrugated core industrial applications where the outlines have become parts 
of the commercial products: Case 1) the fly wheel cover for a diesel engine and Case 2) the rotationally symmetrical 
panel for an electric motor. 
2. Case 1 - Fly Wheel Cover 
The purpose was to design and manufacture a rigid and robust prototype of the flywheel cover structure for Wärtsilä 
diesel engines from corrugated panels - lighter than current design made from 3mm-thick sheet metal which 3D-model 
is shown in fig. 2a. In previous studies, sandwich panels were found to be fulfilling the weight requirements and 
rigidity and thus selected as a design basis for a new cover structure. The ready-made prototype is shown in fig. 2b. 
Outer dimensions and fixing points are kept the same as in the current design. The flywheel cover is not subjected to 
significant loads, but the cover is exposed to vibration. The prototype cover contains four subassemblies – two roof-
halves which each contains three panels (six overall) and two walls made of two panels each (four overall) as presented 
in fig. 2c. In subassemblies, panels are joined together with laser welding corner brackets to both sides of the corner. 
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Fig. 2. (a) the 3D-model of 3mm-thick sheet metal cover; (b) the prototype of the cover manufactured from low-carbon grade EN 10130 
corrugated panels; (c) the subassemblies of the prototype from ferritic stainless steel panels grade 1.4509 before surface coating. 
2.1. Forming of the core 
For the first prototype, all cores were formed from 0.5mm-thick, conventional low-carbon steel grade EN 10130 
sheet with bottom-strike forming tools manufactured with longitudinal laminating technology as shown in fig. 1b able 
to form a 1200mm-wide blank sheet.  Dimensions of a corrugated panel are shown in fig. 3a. The press brake used 
for forming is Ursviken Optima 100, fig. 3b. 
 
Fig. 3. (a) the dimensions of a panel in millimeters; (b) forming cores with the press brake by laminated draw and punch tools designed by Lämsä 
et al. (2014). 
Quality of a core affects the quality of weld seams. Basically, there should not be an air gap between a core peek 
and skin at the welding line. Even a gap of a few tenth of a millimeter has an effect on a welding quality and a seam 
weld loose. The uniformity of a core profile, like the equal height as well as incremental distances and parallelism of 
peaks, plays an important role on the automation of the process. 
2.2. Laser welding of the core and skins 
Laser welding is a highly workable way of joining skins to a core. 0.75mm-thick skins, the same material as the 
core, were welded on both sides of the core with the 4 kW diode pumped disc-laser (Trumpf 4002) using 300mm 
optics and a focal point on the upper surface of a skin (spot size 0.3 mm). The beam quality of this type laser is 8 
mm*mrad. The main challenge is how to get the peaks of the core and the skin in a proper contact. In a prototyping 
phase, clamps were attached and detached numerous times during the welding process which was time consuming. 
Only six seams could be welded at the same time at maximum – mostly only two. At the welding speed of 180 mm/min 
and laser power of 2,3kW, the quality of welds was good. At higher welding speeds and power, the limiting issue 
came up the acceleration of a six axis robot arm moving the laser welding head. If full laser power is turned on at the 
acceleration phase, too much energy will be affecting on the welding spot. One solution would have been to speed up 
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the arm outside of the welding area and turn on the laser beam when the arm reaches the welding spot. Mainly, welds 
were proper in the prototype from low-carbon steel grade EN 10130 as fig. 4a shows. 
For the second prototype cover, panels were manufactured from 0.6mm thick ferritic stainless steel sheets grade 
1.4509, cores as well as skins. Defects were found more often than with low-carbon steel panels - probably due to 
thinner skin plates of stainless grade causing the stronger distortion of the welds.           
For automating the welding process, proper jigs and pressing tools are essential. A magnetic chuck with a holding 
force of 200 kg preliminary tested and found to provide an airtight contact between core peaks and a skin in entire 
area of the chuck – but a magnet might be useful only when welding the first skin as shown in fig. 4b. For the second 
skin, chunk is useless due to magnetic force quickly weakens when the distance increases. 
 
Fig. 4. (a) with laser welded, low-carbon steel panels, the defects of welds were rare; (b) principle of using a magnetic chunk attracting skin and 
core together air tight. 
2.3. Cutting of the panels 
An abrasive water jet cutter was used for shaping panels. The quality of the edges and holes is good. The 
disadvantage is that some sand will be easily left inside the panels and is quite time consuming to remove. Water jet 
cutting is also quite time consuming and thus an expensive method. Alternative cutting methods could be considered 
and tested like fine tooth circular sawing. A band sawing machine was also tested and found to be suitable for cutting 
panels. 
2.4. Joining sandwich panels together – welding corner brackets 
1.5 mm-thick corner brackets were laser welded to both sides of a corner at the welding speed of 100mm/min and 
3kW laser power as shown in fig. 2c. Experiment showed that the corner joint is extremely stiff and later on, brackets 
formed from thinner sheets. Panels were also successfully bent between two peaks of a core – so a bracket is needed 
to weld only on the other side of a corner. Bending could be implemented only between two peaks of a core. Naturally, 
proper jigs and clamps should be designed and used in this assembly phase as well to prevent air gaps and the slipping 
of parts. 
2.5. Surface treatments 
The sensitivity of corrosion of thin carbon steel sheet metal plates of the panel needs to be considered as well as a 
need for inserting edge lists to the panels. For the prototype, edge lists were TIG-welded to the prototype cover, but 
basically there is no reason why laser welding could not be used as well. Snap-on solutions some sort of might be 
considered. The prototype of the flywheel cover was only sand-blasted and painted, see fig. 5. If better corrosion 
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protection is needed, galvanizing panels i.e. before installing an edge list could be a solution and protects also panels 
inside. 
 
Fig. 5.  Sand-blasted and painted roof-halves of the carbon steel prototype. 
2.6. Weight saving 
A square meter of sandwich panel, where skins are cut from 0.75mm-thick sheet and core formed from 0,5mm-
thick sheet weights 18 kg. Sandwich panel manufactured completely from 0,5mm-thick sheet weights 14.1 kg per 
square meter. A square meter of 3mm-thick steel sheet weights 23.4 kg, 2.5mm thick 19.5 kg and 2mm thick 15.6 kg. 
Weight saving of the prototype sandwich structure compared with 3mm-thick sheet metal solution is 23 % (81kg vs. 
105kg). If 0.5mm-thick skin sheets are used, total weight is reduced to 66 kg (37 % saving in weight). 
2.7. Experimental modal analysis 
Since the first type of the proto cover showed very promising results, another proto cover from a stainless steel 
grade (EN 1.4509) with the sheet thickness of 0.6mm was manufactured for Wärtsilä diesel engines as shown in fig. 
2c. The modal measurement for the flywheel cover was carried out in the laboratory at Vaasa factory on to find the 
natural frequencies and mode shapes. Fig. 6a shows the measuring arrangements and fig. 6b measurement points. 
 
Fig. 6.  (a) the measurement arrangements of the  flywheel cover; (b) the locations of the measurement points of the flywheel cover. Figures by 
Wärtsilä. 
The measurement was done with OROS35, 8-Channel FFT analyser using the Kistler type 8762A50 tri-axial 
accelerometers. The measurements were carried out up to 100Hz to get the data for the different modes of the flywheel. 
The lowest natural frequency of the prototyped flywheel cover was at 55 Hz which is much higher than in the 
conventional 3mm-thick sheet metal flywheel cover. Although the frequency of 55 Hz is close to order 4.5 the 
influence on the vibration level due to this frequency is not significant. 
2.8. Stiffness of corrugated panels 
Experimental tests were carried out for similar corrugated panels as used in proto covers in earlier studies by 
Järvenpää et al. (2014). Results clearly showed that carbon and stainless steel panels are stronger than common steel 
sheets when compared on the strength-lightness –bases, but they also have very significant anisotropy in mechanical 
properties. In the main loading direction (transverse), stainless steel (SS) panel had 27% higher bending resistance at 
the yield point than 5 mm thick S355 having more than two times higher intensity. Respectively, common carbon steel 
(CS) panel had 20% higher bending resistance than 4 mm thick S355. SS-panel was significantly (~90%) stronger 
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than CS-panel in transverse and 45 degree loading angles, but both showed similar, very low properties in the  
longitudinal direction. 
3. Case 2 - rotationally symmetrical frame for an electric motor 
The driving idea was to construct a light-weighted frame for an electric motor by using a laser welded, 
axisymmetric stainless steel sandwich structure (grade 1.4509). Sheet thicknesses of the structure were: Inner skin 1 
mm, core 0.8mm and outer skin 1.5mm. 
3.1. The core 
In the prototyping phase, cores were formed with similar tools as shown in fig.1c. The manufacturing quality of 
the corrugated core is even more crucial in welding an axisymmetric structure than a flat one. The quality of the core 
affects the quality of weld and weldability. As fig. 7 shows, a tip of corrugated core rib is almost around in shape. 
This allows less tolerance for positioning the lap weld compared with a flat, corrugated panel. 
 
Fig. 7.  The light-weight, corrugated profile frame of an electric motor. Fig. by Randax Oy. 
3.2. Laser welding 
Rotationally symmetrical panels were laser welded with the same laser, optics and parameters as the flat ones in 
Case 1. The laser beam positioning should be the accurate due narrowness of the rib tip which leaves smaller tolerance 
for the lap weld. Lap welds of the structure can be welded efficiently and with low heat input. The skins and the core 
should be full in contact at the welding point, especially when welding the outer skin because it is visible and therefore 
affects the appearance and quality of the final product. The use of shielding gas when welding the outer skin of the 
motor frame gives more attractive, dome-shaped weld. 
3.3. FE-analysis of different frame structures 
The comparison carried out in a simplified body models between the corrugated core panel (core 3mm thick, skins 
2mm), the 10mm thick cast-iron and the corrugated steel (core 10mm thick) frames by Mäntyjärvi (2008). Torque 
used in the calculation i.e. 1550 kNm, was 2.5 times higher than the actual torque. Rotation speed was 1500 RPM, the 
outer diameter of the stator 550 mm and the length of the frame 440 mm. The calculated mass of the sandwich frame 
from 2-3mm-thick sheets is 55 kg (core 3mm skins 2mm), 10mm-thick cast iron frame 88 kg and 10mm-thick 
corrugated steel frame 98 kg. Calculated maximum stresses, strains and displacements are shown in table 1. 
Table 1. Calculated maximum stress, strain and displacement. 
Frame type Max. stress [N/mm2] Max. strain [mm/mm] Max. displ. [mm] 
Corrugated core panel 2,3 9,1E-06 1,8E-03 
Cast iron (10 mm) 0,9 3,1E-06 1,0E-03 
Corrugated core (10 mm) 2,6 8,9E-06 2,6E-03 
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From the results it can be stated that the stresses in the structure are very low in all solutions. In practice, this meant 
possibility to optimize corrugated structure further and using of thinner materials in the prototyping phase. Examining 
displacements and strains can be stated that all structures are rigid. However, the review shows relation to the 
corrugated panel frame in advantage over other structures – it is much lighter than the other two frames. It should be 
noted that the geometry of the corrugated panel frame was not optimized in this study. Displacement analysis for the 
corrugated core panel frame is shown in fig. 8a, for the iron-cast frame in fig. 8b and the corrugated core frame in fig. 
8c. The deformations of the structures are scaled to 50,000-fold in the figures. 
 
 
Fig. 8.  Displacement analysis. (a) the corrugated core sandwich frame; (b) the iron-cast frame; (c) the corrugated core frame. Figures by 
Mäntyjärvi 2008. 
Experimental fatigue tests were carried out for sandwich frame structure with the sheet thicknesses of inner skin 
1mm, core 0.8mm and outer skin 1.5 mm by Illikainen et al. (2013)  Torque ranges in fatigue tests were +250…+350 
Nm and -350…350 Nm, the number of cycles were ten million. The results showed that the structure withstood the 
test forces easily in the fatigue tests the macrographic examination showed that all the welds in the test frames were 
intact. To find out the maximum torque the frame can hold, a rough static test was implemented into one of the frames. 
When the torque arm sheared off, the maximum torque was 12 320 Nm. 
4. Conclusion 
As it is typically in the prototyping phase, forming the cores and laser welding skins to cores were time consuming. 
Although laser welding is fast, welding arrangements took the most of the time. Less welding defects were found with 
low-carbon steels (cores formed from 0.5mm thick sheets, skins 0.75mm thick sheets) than with the ferritic stainless 
steel grade (skins and cores from 0.6mm thick sheets) likely due the thinner skins and thus the stronger distortion of 
stainless grade. 
CASE1: If thickness of a corrugated panel structure is not a limiting issue, which it is not in this case, these panels 
are good solution on application where stiffness and lighter weight are required as well as vibrational aspect 
considered. The modal analysis was carried out and the measurement showed that the lowest natural frequency of the 
corrugated paneled flywheel cover was at 55 Hz which is much higher than that of the 3-mm thick sheet-metal flywheel 
cover. Prototypes were designed and manufactured in Nivala by University of Oulu, Future manufacturing research 
group (FMT). Today, HT-laser Oy has advanced manufacturing processes of manufacturing corrugated panels and 
supplies panelled flywheel covers for Wärtsilä’s engines. 
CASE2: The quality of all parts, especially the core, is essential when welding the axisymmetric sandwich structure. 
Lap welds of the structure can be laser welded efficiently and with low heat input. Implemented tests and visual 
inspection showed that this kind of structure is very strong and rigid, but also much lighter than i.e. the frame from 
cast iron. Randax's sandwich frame electric motor was awarded an honorary mention in the Industrial Series of the 
Plootu Fennica Sheet Metal Product of the Year competition in 2010. FMT-group has been involved in R/D phase 
since beginning. Today, Randax supply customer tailored electrical engineering solutions, easily integrable 
permanent-magnet motors, and generators for a wide range of applications and environments. 
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